Mycobacterium tuberculosis is a causative agent of tuberculosis in human being. One-third of the world's population is currently infected with tubercle bacilli, and the global incidence of active tuberculosis per year is around 8 million cases (2) . It is of great importance to understand the basic mechanism for the induction of the immune response of the host against M. tuberculosis. The generation of protective immunity against tuberculosis is dependent on the induction of CD4 ϩ Th1 cells capable of producing gamma interferon (IFN-␥) upon stimulation with specific antigen. IFN-␥ contributes to the development of acquired resistance via the activation of macrophages (3) . The importance of IFN-␥ in the resistance of mice to M. tuberculosis has been confirmed by utilizing IFN-␥ knockout mice and IFN-␥ receptor knockout mice (1, 4, 11) . IFN-␥ is crucial also for the development of protective T cells. In our previous study, the treatment of mice with anti-IFN-␥ antibody during primary immunization with viable cells of M. bovis bacillus Calmette-Guérin reduced the number of antigen-specific IFN-␥-producing cells and abolished the generation of protective immunity (26) . Thus, IFN-␥ is indispensable for both induction and expression of protective immunity against tuberculosis.
It has been shown that CD4 ϩ protective T cells are generated after infection with a sublethal dose of M. tuberculosis or M. bovis bacillus Calmette-Guérin, whereas such effector T cells are hardly induced by immunization with killed bacteria (14) . We have found that the failure of killed bacteria to induce effective protective immunity in mice is due to the absence of an IFN-␥-inducing ability that is observed exclusively in viable bacilli (25, 26) . Killed M. tuberculosis has been prepared generally by treatment with heating, germicides, or irradiation (7, 16, 20, 24) , but such treatment may affect several bacterial components physically or chemically. In order to address whether the significant difference in the IFN-␥-inducing abilities of viable and killed M. tuberculosis is due to some undesirable changes introduced during the killing process or actually due to the viability itself, we have employed a streptomycin (SM)-dependent M. tuberculosis strain, 18b, in this study.
This particular strain, originally isolated in 1955 (6), has been maintained as a stock for a long time at the National Institute of Infectious Diseases in Japan, so we first confirmed whether this strain maintained the original SM dependency. On a Middlebrook 7H10 agar plate, strain 18b never grew during 5 weeks of observation in the absence of SM (Fig. 1) . However, the addition of SM at concentrations of 50 g/ml and above supported the growth of bacteria, resulting in the formation of countable colonies. It was confirmed that cells of strain 18b kept under even an SM-free condition never die for many weeks, as has been reported in the past (12, 19) . According to the molecular characterization reported in 1995, M. tuberculosis strain 18b was shown to carry a novel mutation in the rrs gene, coding for 16S rRNA (8) . By PCR amplification and sequence analysis of the corresponding region of genomic DNA, we were able to detect just one insertion of an additional cytosine residue (underlined) between positions 512 and 513 in the 530 loop of 16S rRNA (AGCCAGCCGCGGTAATACG TAG), as reported previously (8) .
We compared the IFN-␥-inducing activities of M. tuberculosis H37Rv and strain 18b. Peritoneal exudate cells (PECs) were induced in C3H/HeN mice by the intraperitoneal injection of 3% thioglycolate medium, and the cells were stimulated with M. tuberculosis at a multiplicity of infection (MOI) of 2 for 18 h in the absence of SM to measure the cytokine produced in the supernatant. The concentration of IFN-␥ was measured by a sandwich enzyme-linked immunosorbent assay constructed in our laboratory (10) , and a mouse tumor necrosis factor alpha (TNF-␣) enzyme-linked immunosorbent assay set purchased from BD Biosciences (San Jose, CA) was used for measuring TNF-␣. Interestingly, the IFN-␥-inducing activity of viable strain 18b was considerably weaker than that of viable H37Rv (Fig. 2) .
In order to consider whether the activation of the growth cycle results in the change in IFN-␥-inducing activity, we next examined the IFN-␥ production induced by stimulation with viable cells of strain 18b in the presence of graded concentrations of SM in a PEC culture. The high-level production of both IFN-␥ and TNF-␣ induced by stimulation with viable cells of strain H37Rv showed slight decreases corresponding to the increase of SM concentration in the cell culture (Fig. 3A) . On the other hand, the IFN-␥ production induced by stimulation with viable cells of strain 18b, which was very low in the absence of SM, showed a significant increase that depended on the concentration of SM supplemented in the culture (Fig. 3B) . TNF-␣ production was also increased, depending on the concentration of SM. This result indicated that support of bacterial growth is essential for the maximum expression of the IFN-␥-inducing activity of M. tuberculosis and suggested that the initiation of active metabolism may account for the changes observed here.
In contrast to the SM concentration supporting the growth of strain 18b on Middlebrook 7H10 medium, an extremely higher concentration was required in PEC culture for the acquisition of a significant level of cytokine-inducing activity. As SM is one of the antibiotics that are believed to have difficulty in penetrating cell membranes of PECs (15) , it was plausible that this high concentration of SM was necessary to provide an intracellular SM concentration required by the bacteria inside macrophages. To address this possibility, PECs were cultured in the presence of various concentrations of SM for 20 h, a period equivalent to that used in the cytokine assay. After extensive washings, cells were lysed, and the SM was titrated by using a RIDASCREEN streptomycin assay (AZmax Co. Chiba, Japan). Then, the intracellular concentrations of SM were calculated from the packed-cell volume. The results indicated that the intracellular concentration of SM was highly dependent on the concentration in the cell culture medium. As shown in Fig. 4 , the intracellular concentration of SM was estimated to be above 100 g/ml when added to the cell culture at 1,000 g/ml. This finding supported an idea that the IFN-␥-inducing activity of M. tuberculosis is highly dependent on the presence of active metabolism. As one of the parameters for bacterial metabolism, the concentration of ammonium ion produced by M. tuberculosis (5) was measured by using a PACK TEST (PACK TEST Ammonium; Kyoritsu Chemical-Check Laboratory Corp., Tokyo, Japan). There was an increase in the concentration of ammonium ion in the supernatant of 18b cultured in RPMI 1640 medium for 20 h in the presence of 100 g/ml of SM compared to that in the absence of SM (data not shown), suggesting that the active metabolism was induced by SM during this period of culturing. Based on these findings, it was likely that there are some mycobacterial factors existing in viable bacteria, but not in killed bacteria, which contribute to the induction of IFN-␥ production. Changes of the transcriptional or translational levels in various M. tuberculosis genes inside macrophages have been reported previously (17, 22) . This may be an important strategy of M. tuberculosis for intracellular survival, and it is probable that some components synthesized inside the phagosome may play a role in triggering IFN-␥ production. The present finding appeared to be consistent with an old observation that acquired immunity was not induced in mice by immunization with strain 18b cultivated in an SM-starved condition (13).
In order to know whether the IFN-␥ production observed in this study was induced in similar manners in the stimulations by both H37Rv and 18b plus SM, the cytokines and effector cells involved in the final IFN-␥ production were examined with special reference to interleukin-12 (IL-12) and IL-18, which are known to induce IFN-␥ production by natural killer (NK) cells in PECs (27) . The addition of neutralizing antibody to IL-12 or IL-18 resulted in appreciable levels of inhibition of IFN-␥ production after stimulation with H37Rv or 18b plus SM, and a marked inhibition was observed when IL-12 and IL-18 were neutralized simultaneously (Fig. 5A) . Next, the whole PECs were depleted of NK cells by using anti-asialo GM1 antibody (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and complement. The reason for the increase in the IFN-␥ production after treatment with the complement alone or with control immunoglobulin is not clear, but the treatment (A) Neutralizing antibodies to IL-12 or IL-18 were added to the culture and the change in the level of IFN-␥ production was examined. (B) PECs were treated either with complement (C) alone, with 100 g/ml of control rabbit immunoglobulin G (IgG), or with 100 g/ml of anti-asialo GM1 (ASGM1) antibody followed by complement. Then, the cells were washed and stimulated with H37Rv or with 18b in the presence of SM. Data are shown as the means for four wells Ϯ SD. The data shown are from one of two independent experiments. * P Ͻ 0.01 according to Student's t test. concn, concentration. (18) . A recent study has shown that IFN-␥ induction does occur after infection with M. tuberculosis in mice knocked out for MyD88, a cytoplasmic adaptor molecule for the Toll-like receptor signaling pathway (23) . Several lines of evidence indicated that there are intracellular pattern recognition receptors, including nucleotide-binding oligomerization domain proteins, that respond to bacterial products (9, 21) . It is probable that viable cells of M. tuberculosis may stimulate a type of such intracellular pathways, resulting in the induction of Th1 cytokine production.
The present study employing an SM-dependent M. tuberculosis strain, 18b, presented a piece of the mechanism accounting for the highly potent IFN-␥-inducing activity that was virtually unobserved in killed M. tuberculosis but was observed in the viable form of this organism. The use of strain 18b may provide more insights into the essential role of metabolic products for the host response in addition to clarifying the precise molecular mechanism of SM dependency of this unique mutant strain in the future.
